To evaluate various tools to predict deleterious variants in plants, we generated a curated 90 database of 2,910 A. thaliana mutants with known phenotypic alterations. We identified seven 91 approaches that can predict deleterious variants outside of humans. Among these approaches, SIFT 92 make predictions using pre-specified alignments as input. For these latter cases we used the 96
BAD_Mutations pipeline for identifying homologs and alignments based on 42 plant genomes (Kono 97 et al. 2016). We found that while all approaches performed better than similar assessments in humans, 98 the relative ranking and the highest performing approach differed from previously reported 99 comparisons using human data. We did not find factors that are major determinants of differences 100 among approaches. Our results demonstrate that reliable prediction of deleterious variants can be 101 To evaluate approaches that predict deleterious variants, we generated a database of A. thaliana amino 109 acid substitutions from i) mutants with described phenotypic alterations and ii) common amino acid 110 polymorphisms unlikely to affect fitness. Out of 2,910 mutants in 995 genes, 81% were from manually genes, 1,583 common amino acid polymorphisms were identified in 80 accessions (Cao et al. 2011 ). For 114 our analyses, we assume mutations that cause a deviation from the wildtype phenotype are likely 115 deleterious. 116 117 Performance of approaches designed to identify deleterious variants 118 Using the database of A. thaliana mutations, we assessed seven approaches for their ability to 119 distinguish deleterious and neutral changes. The approaches were selected because they can generate 120 predictions in non-human organisms. Comparison of sensitivity to specificity showed that each 121 approach could reliably distinguish deleterious and neutral substitutions ( Figure 1) . A likelihood ratio 122 test (LRT) implemented using the BAD_Mutations pipeline showed significantly higher performance 123 than all other approaches as measured by the area under the curve (AUC) of sensitivity versus 124 specificity as well as at thresholds of 95% sensitivity and 95% specificity ( Figure 1 , Table S1 ). A 125 reference masked version of LRT (LRTm), designed to eliminate reference bias (Simons et al. 2014) , 126 was the approach with the second highest performance. PROVEAN and PolyPhen2 showed similar 127 performance as measured by AUC, significantly higher than SIFT, GERP++ and MAPP. The relative 128 ranking by AUC was identical when 1,050 mutations with missing predictions for at least one 7 ( Figure 2 ). At minor allele frequencies between 2/80 (2.5%) and 8/80 (10%) the LRTm and SIFT 135 predicted a lower proportion of deleterious SNPs compared to the other approaches, indicating that 136 they are less sensitive to detecting alleles under weak selection. At the lowest frequency 1/80 (1.25%), 137
which is expected to include many rare and potentially strongly deleterious variants, LRT called the 138 largest proportion of SNPs deleterious. To further characterize differences in performance we compared class of variants, including those 143 identified by genome-wide mutant screens or by directly targeting individual proteins. In general, 144 mutants identified from screens have gross morphological or easily observable phenotypic effects and 145 are assigned allele names, whereas directed mutants are typically not given allele names and have 146 biochemical phenotypes. To compare these two groups, we split the data into those with allele names 147
(1,910), as a proxy for those with gross phenotypes, and those without allele names (1,000), as a proxy 148 for biochemical phenotypes. As measured by AUC, some of the approaches performed better and 149 their performance was more similar for the gross phenotypic class compared to the biochemical class 150 challenges to predicting deleterious alleles and none of the approaches explicitly distinguish orthologs and paralogs. We identified 466 of the 995 genes as duplicated in A. thaliana based on blastp hits with 157 60% or more identity. We compared the performance of these genes to the remaining single copy 158 genes. Each approach showed equal or better performance for duplicated versus single copy genes, 159 with SIFT in particular showing the largest increase in performance ( Figure 3b ). 95% specificity threshold, 93.6% of mutants were predicted deleterious by one or more approach but 165 only 51.3% were predicted deleterious by six or more of the seven approaches. Similarly, only 0.25% 166 of common SNPs were predicted deleterious by all approaches but 16.6% were predicted deleterious 167 by at least one. Comparing the disagreement between approaches we found LRT and LRTm to 168 produce very similar predictions, but to be distinct from most of the other approaches ( Figure 4 ). We 169 used five models that combined the predictions of all approaches except for SIFT, which had a higher 170 proportion of missing calls. Only two of these ensemble models, a linear discriminant analysis and a 171 generalized linear model with penalized maximum likelihood, performed significantly higher than 172 LRT based on an AUC (Table S2) . In this study, we benchmarked the ability of several widely-used approaches to distinguish putatively 177 deleterious and neutral amino acid substitutions in A. thaliana. Prior evaluations of performance distinguish neutral and deleterious variants, validating their use in plants. The highest performance is 181 achieved by a likelihood ratio test (LRT) implemented using the BAD_Mutations pipeline, in this case 182 using alignments from 42 plant genomes. Despite considerable variation among prediction 183 approaches, no single factor explains differences among performance. 184
Below, we discuss our results along with characteristics of the approaches and test data that 185 may contribute to differences in predictions and performance when applied to non-human species. 186
One important consideration is the distinction between deleterious variants and those that impact 187 protein function and have phenotypic consequences. While these two groups are overlapping, they 188 are not identical. Because conservation and divergence between species is directly related to fitness, 189
we have used the term "deleterious" when referring to the prediction approaches. However, the test 190 sets used to evaluate approaches are composed of variants known to affect protein function or 191 phenotype. Thus, regardless of the nomenclature any evaluation of approach performance necessarily 192 assumes a large overlap between conserved amino acid positions and those that affect protein should only be applied to organisms where a sufficient number of related genomes are available. 206 GERP++ is similar to the LRT in that it uses a neutral substitution rate to make its predictions, but 207 differs in that the neutral rate must be specified rather than being estimated from synonymous sites 208 within the alignment. GERP++ also does not make use of the genetic code to distinguish synonymous 209 and nonsynonymous changes. In this regard, GERP++ was not appropriately applied since we used a 210 fixed neutral rate for all genes rather than an alignment specific neutral rate. Out of the approaches 211 compared, phylogenetic power cannot explain the differences between the LRT, MAPP and GERP++ 212 since they used the same alignments. 213
All approaches studied here use alignments to make their predictions, making the protein 214 humans, there has been some concern over the lack of independence between training and test sets 227 . We find better performance across approaches in our A. thaliana 235 dataset than that reported for humans (Table 1) . It is unclear why the approaches uniformly perform 236 better in A. thaliana, one possibility is that the neutral and deleterious variants in A. thaliana are more 237 distinct from one another than in humans. The very large proportion of phenotyping changing 238 variants in our A. thaliana test set that are identified as deleterious means that this test data set is less 239 useful for approach comparison due to the small number of cases that are difficult to predict correctly. distinguishing neutral and deleterious variants may be more difficult in humans than other species, 248
and approaches trained using human polymorphism may be more conservative with respect to 249 weakly deleterious variants. In comparison, predicting deleterious variants in A. thaliana may be 250 facilitated by the fact that it is a selfing species with an effective population size larger than that of did not investigate whether a faster approach could be implemented without a loss in performance, it 279 is acknowledged that the long run time of the LRT may limit the application of the approach to large 280 genomics datasets. One potential avenue to pursue is whether faster heuristic measures of site-specific 281 conservation based on the BAD_Mutations pipeline of alignments could achieve similarly high 282 performance. However, further study would be needed to test whether heuristic measures of amino 283 acid conservation would be robust to the reference species and protein alignments to which they were 284 applied. A second approach would be to find a more effective means of generating predictions from 285 the combined output of multiple prediction approaches, as this has been shown to be highly effective 286 in humans, e.g. (González-Pérez and López-Bigas 2011). Although we did not find an ensemble 287 predictor that greatly improved performance, this might reflect the relatively small number of 288 variables used to generate ensemble predictions. set of 542 amino acid altering mutations in 155 genes with phenotypic effects that are described in the 294 literature. These mutations were found by searching the Arabidopsis Information Resource 295 (http://www.arabidopsis.org) for genes with either dominant or recessive alleles caused by nucleotide 296 substitutions. We also identified mutations using a literature search in Google Scholar 297 (http://scholar.google.com). For each variant we recorded the amino acid substitution, position and 298 link to the published paper (Table S3 ). We excluded nonsense mutations because they frequently 299 completely eliminate gene function. We identified a second set of 2,617 amino acid altering mutations 300 in 960 genes from the manually curated UniProt/Swiss-Prot database (http://www.uniprot.org/, 301 (Boutet et al. 2016). The two sets were independently generated and had an overlap of 249 mutants. 302
Using those mutants with named alleles as an indicator of those with gross versus biochemical 303 phenotypes, 65% of our manually curated set and 33% of the Swiss-Prot set had macroscopic 304 phenotypes. Duplicated genes were defined by those proteins with a significant blastp hit (E-value < 305 0.05) to another A. thaliana protein with greater than 60% identity. By this criteria 466/995 proteins 306 were classified as duplicated. of dN = ωdS compared to dN = dS for each codon of interest was calculated using HYPHY (Pond et al. 335 2005) , where dN and dS are the nonsynonymous and synonymous substitution rate and ω is a free 336 parameter. Sequences with 'N's or other ambiguous nucleotides were discarded prior to the likelihood 337 ratio test. The LRT differs compared to its original formation (Chun and Fay 2009) in that: i) dS was 338 estimated using all codons for each gene separately, ii) query sequences were optionally masked in 339 the likelihood calculation to avoid any reference bias and iii) branches with dS greater than 3 were set 340 to 3 to avoid spuriously high estimates of dS. Additionally, the original LRT used heuristics to 341 eliminate sites with dN > dS, the derived allele present in another species, or with fewer than 10 342 species in the alignment. Rather than eliminating sites, we used logistic regression to provide a single 343 probability of being deleterious based on the LRT test and these additional pieces of information. Combined predictions were generated based on the combined scores of six approaches: LRT, 363
LRT-masked, PolyPhen2, Provean, GERP++ and MAPP. Sites with missing predictions from one or 364 more approach (n = 215) were removed. Combined predictions were generated using: 1) logistic 365 regression with each approach's score as a predictive variable, 2) support vector machine, 3) random The fraction of true positives (sensitivity) versus the fraction of true negatives (specificity) is shown 545 for seven approaches (LRTm is a masked version of LRT, PPH2 is PolyPhen2). Vertical and horizontal dashed lines show the cutoff at 95% specificity and 95% sensitivity, respectively. Supplemental Tables   563   564   Table S1 . Performance of methods used to distinguish deleterious and neutral substitutions 565 Table S2 . Performance of models based on ensemble prediction methods. 566 Table S3 . 2,617 amino acid altering mutations in 960 A. thaliana genes 567 
